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Adenosine is a determinant of metabolic control of organ function
increasing oxygen supply through the A2 class of adenosine
receptors and reducing oxygen demand through A1 adenosine
receptors (A1AR). In the kidney, activation of A1AR in afferent
glomerular arterioles has been suggested to contribute to tubu-
loglomerular feedback (TGF), the vasoconstriction elicited by ele-
vations in [NaCl] in the macula densa region of the nephron. To
further elucidate the role of A1AR in TGF, we have generated mice
in which the entire A1AR coding sequence was deleted by homol-
ogous recombination. Homozygous A1AR mutants that do not
express A1AR mRNA transcripts and do not respond to A1AR
agonists are viable and without gross anatomical abnormalities.
Plasma and urinary electrolytes were not different between ge-
notypes. Likewise, arterial blood pressure, heart rates, and glo-
merular filtration rates were indistinguishable between A1AR1/1,
A1AR1/2, and A1AR2/2 mice. TGF responses to an increase in loop
of Henle flow rate from 0 to 30 nlymin, whether determined as
change of stop flow pressure or early proximal flow rate, were
completely abolished in A1AR2/2 mice (stop flow pressure re-
sponse, 26.8 6 0.55 mmHg and 20.4 6 0.2 in A1AR1/1 and
A1AR2/2 mice; early proximal flow rate response, 23.4 6 0.4
nlymin and 10.02 6 0.3 nlymin in A1AR1/1 and A1AR2/2 mice).
Absence of TGF responses in A1AR-deficient mice suggests that
adenosine is a required constituent of the juxtaglomerular signal-
ing pathway. A1AR null mutant mice are a promising tool to study
the functional role of A1AR in different target tissues.

Adenosine is a purine nucleoside that is formed by intracel-
lular or extracellular breakdown of adenine nucleotides, or

by the hydrolysis of S-adenosyl-L-homocysteine. Because of the
ubiquitous nature of adenine nucleotides, all cells are possible
sources of adenosine. Adenosine that is formed in the cytosol can
cross the cell membrane via a nucleoside transporter to enter the
interstitial space (1). At least four G protein-coupled cell-surface
receptors of the P1 class of purinoceptors (A1, A2A, A2B, A3)
mediate the biological effects of adenosine (2, 3). A1 adenosine
receptors (A1AR) are integral membrane proteins of '37 kDa
with seven transmembrane-spanning domains. A1AR are pri-
marily coupled to adenyl cyclase via inhibitory Gi proteins, but
they also signal through activation of phospholipase C (2–4).
A1AR are expressed at highest levels in brain, spinal chord,
testes, and adipose tissue. At lower levels, they are also found in
heart and kidney (5). In general, adenosine acting through
A1AR tends to protect tissues by reducing oxygen demand.

Localization studies using in situ hybridization and reverse
transcription (RT)-PCR indicate that A1AR mRNA in the
kidney is expressed predominantly in glomerular afferent arte-
rioles and juxtaglomerular granular cells, but expression of the
receptor also exists in tubular segments, especially in thick
ascending limbs and collecting ducts (6, 7). Studies using selec-
tive A1AR agonists and antagonists indicate that A1AR in
afferent arterioles mediate vasoconstriction and inhibition of
renin secretion. Specifically, adenosine has been implicated as a

mediator of the local pathway that is initiated by a change in
NaCl transport across macula densa cells and that affects
afferent arteriolar tone and renin secretion (8, 9). Furthermore,
tubular A1AR appear to modify tubular NaCl absorption, even
though the direction and localization of this action is somewhat
controversial.

The study of mice with targeted gene deletions has become a
tool that complements and extends the conclusions reached from
the application of pharmacological interventions. To further
examine the role of A1AR, we have generated an A1AR-
deficient mouse strain by homologous recombination methods.
We report results from studies in these mice that focus on the
role of A1AR in juxtaglomerular control of afferent arteriolar
tone. Our data show that TGF, the vasoconstriction resulting
from an increase in macula densa NaCl concentration, is abol-
ished in A1AR knockout mice. This observation appears to
establish that A1AR are required for TGF responsiveness and
that adenosine therefore acts as the major mediator of the TGF
response. Because homozygous A1AR null mice are viable and
without gross behavioral or anatomic abnormalities, studies in
these mice promise to provide further insights into the role of
A1AR in central nervous, cardiac, and other organ functions.

Methods
Generation of A1AR Knockout Mice. The gene encoding the mouse
A1AR was cloned by screening a BAC 129ySvJ embryonic stem
(ES) genomic library (Genome Systems, St. Louis) using a
786-bp probe generated by PCR on the basis of homology
between human, rat, and partial mouse cDNA sequences. A
targeting vector was constructed designed to delete the entire
coding sequence and to replace it with lacZ and neomycin
resistance gene cassettes. The targeting vector was linearized
with AscI and transfected into R1 embryonic stem cells (129 3
1y129 S1 hybrid) by electroporation (stem cell facility of the
University of Michigan). Two positive ES clones were identified
by PCR screening of 480 neomycin-resistant colonies. Correct
targeting was confirmed by Southern hybridization, and chro-
mosome counts demonstrated euploidy. The verified ES cells
were injected into blastocysts from C57BLy6 mice and implanted
into pseudopregnant foster females. Only one line yielded viable
chimeras that were crossed with C57BLy6J females to yield
heterozygous (A1AR1/2) animals. Heterozygous progeny were
intercrossed to obtain homozygous mutants and wild-type con-
trols, as determined by PCR on tail DNA. For genotyping, tail
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DNA was isolated and tested for the presence of wild-type and
mutant genes, with A1AR and (Neo-R) specific primers gener-
ating PCR products of 444 bp from the wild-type allele and 457
bp from the mutant allele. Primer sequences were sense A1AR,
59-GTACATCTCGGCCTTCCAGG-39; antisense A1AR, 59-
GAGAATACCTGGCTGACTAG-39; sense neo-R, 59-ACAA-
CAGACAATCGGCTGCTCTGATG-39; and antisense neo-R,
59-TGCGCGCCTTGAGCCTGGCGAAC-39 (10).

RT-PCR. Total RNA was isolated from kidneys by using TRI
reagent. cDNA was synthesized by Moloney murine leukemia
virus reverse transcriptase (Superscript, BRL). Amplification of
A1AR cDNA by conventional RT-PCR was performed as
described previously (11). For quantitative RT-PCR, oligonu-
cleotides were chosen by using PRIMER EXPRESS 1.0 (Applied
Biosystems) with probe being positioned at an exon–intron
junction. Sequences of oligonucleotides for A1AR are sense,
59-CAGAGCTCCATCCTGGCTCT-39; antisense, 59-CGCT-
GAGTCACCACTGTCTTG-39; and probe, 59-(FAM)CGG-
TACCTCCGAGTCAAGATCCCTCTCC(TAMRA)-39. PCR
amplification with TagMan Universal PCR Master Mix was
performed by using the ABI Prism 7700 Sequence Detection
System (Applied Biosystems). Cycling conditions were 50°C for
2 min, 95°C for 10 min, followed by 40 repeats of 95°C for 0.15
min and 60°C for 1 min. Parallel real time RT-PCR amplification
of b-actin was performed. Relative abundance of A1AR PCR
products, normalized by b-actin, was calculated from threshold
cycle numbers, DCT (A1AR-b-actin), according to the manu-
facturer’s paradigm.

Blood Pressure, Heart Rate, and Urine and Plasma Chemistry. Animals
were maintained on standard rodent diet and tap water. Blood
pressure and heart rate in conscious mice were determined by
tail cuff manometry (Visitech Systems, Apex, NC). Animals
were conditioned by placing them into the holding device twice
per day on 3 consecutive days. Systolic blood pressure represents
the average of measurements on 6 consecutive days, each

consisting of the mean of 50 individual cycles. Measurements
were performed between 10 and 11 a.m.

Electrolytes were measured in plasma separated from 0.3–
0.6-ml samples of heparinized blood collected immediately after
anesthesia by puncturing the vena cava. Urine was collected for
24 h in metabolic cages. Urine Na, K, Cl, and osmolarity were
measured with standard methods.

Glomerular Filtration Rate. Female mice were anesthetized with
100 mgykg inactin i.p. and 100 mgykg ketamine i.m., and
catheters were placed into the jugular vein, femoral artery, and
bladder. Animals were infused with 125I-iothalamate (Questcor
Pharmaceuticals, Carlsbad, CA) at '5 mCiyh (1 Ci 5 37 GBq).
After 30 min of equilibration, a blood sample was taken, and
three 15-min collections of bladder urine were made. Blood
samples were collected in heparinized 5-ml microcaps. 125I-
iothalamate radioactivities were measured in a gamma counter
in duplicates by using 0.5-ml samples of plasma and urine.

Micropuncture Studies. Experiments were performed in male
A1AR1/1, A1AR1/2, and A1AR2/2 littermates derived from
mating of heterozygous animals. Mice (3–4 months old) were
anesthetized with 100 mgykg inactin i.p. and 100 mgykg ket-
amine i.m. Cannulas were placed in trachea and femoral artery
for measurement of arterial blood pressure and femoral vein for
an i.v. maintenance infusion of 2.25 gydl BSA in saline at a rate
of 0.35 mlyh. The left kidney was placed in a lucite cup. Stop flow
pressure as an index of glomerular capillary pressure was
determined during loop perfusions at 0 and 30 nlymin as
described previously (12). To assess the response of nephron
filtration rate to a change in loop perfusion rate, timed collec-
tions of early proximal flow rate were performed for 2–3 min in
front of a tubular wax block while the loop was perfused at 30
or 0 nlymin. Sample volumes were derived from fluid column
length in constant bore capillaries. The sequence of the flow
change was randomized. The following perfusion fluid was used
(in mMyliter): 136 NaCly4 NaHCO3y4 KCly2 CaCl2y7.5 urea
and 100 mgy100 ml FD&C green (Keystone Scientific, Belle-
fonte, PA).

Results
The mouse A1AR gene consists of two exons and spans '5 kb. The
coding region is derived from both exons (Fig. 1). The encoded

Fig. 1. (A) Organization of the mouse A1AR gene, the targeting vector, and
the mutant allele after recombination. Boxes in black and gray indicate exons
and coding regions; relevant restriction sites and location of 59 and 39 probes
are shown. Herpes simplex virus thymidine kinase (TK) and lacZ were from the
pNZTK2 vector (R. D. Palmiter, Howard Hughes Medical Institute, Univ. of
Washington, Seattle); the neomycin resistance cassette flanked by two loxP
sites (Fl Neo) and driven by the phosphoglycerate kinase promoter were from
the Biomedical Core Facilities (Univ. of Michigan, Ann Arbor, MI). (B) Southern
blots on HindIII and SacI digests of recombinant ES cell clone DNA showing
predicted wild-type and recombinant fragments as indicated by arrows.

Fig. 2. (A) RT-PCR of kidney mRNA by using A1AR and b-actin-specific
primers in the presence and absence of reverse transcriptase. A1AR RT-PCR
products were absent in mRNA from A1AR2/2 mice. (B) Abundance of A1AR
mRNA as determined by quantitative RT-PCR (data are means of measure-
ments on three individual RNA samples).
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A1AR protein has a molecular mass of 36,700 daltons and consists
of 326 aa. The amino acid identity of the rat, human, and mouse
homologues is 87% overall and 92% in the transmembrane do-
mains. Targeted disruption of the mouse A1AR gene in ES cells
and correct insertion of the targeting construct was verified by
Southern blot analysis of HindIII and SacI digests of genomic DNA
from ES clones identified by PCR screening (Fig. 1B).

Crossings of mice heterozygous for the A1AR mutation
yielded offspring with the expected Mendelian distribution. In a
group of 170 animals, the percentage of wild-type, heterozygous,
and homozygous mice was 25%, 54%, and 21%. The female to
male ratio (in %) was 44:56 in A1AR1/1, 48:52 in A1AR1/2, and
50:50 in A1AR2/2. Absence of A1AR mRNA in kidney tissue
was confirmed by conventional RT-PCR (Fig. 2A). Further-
more, quantitative RT-PCR was performed to compare mRNA
levels in wild-type and heterozygous A1AR mutant mice. A1AR
mRNA abundance corrected for b-actin as determined from the
threshold cycle number was approximately half in A1AR1/2

compared with A1AR1/1 mice (Fig. 2B). Average threshold
cycle (CT) numbers for A1AR were 23.28 6 0.6 (1y1, n 5 3),
24.36 6 0.28 (1y2, n 5 3), 40 6 0 (2y2, n 5 2; CT value is
indistinguishable from water control); values for b-actin are
15.02 6 0.3 (1y1, n 5 3), 15.05 6 0.08 (1y2, n 5 3), and 15.0 6
0.1 (2y2, n 5 2). Functional evidence for the absence of A1AR
was obtained by determination of the blood pressure and heart

rate response to the A1AR agonist N-cyclohexyladenosine in
anesthetized animals. i.v. injection of 35 and 175 mg of cyclo-
hexyladenosine caused a dose-dependent fall in arterial blood
pressure and heart rate in wild-type mice but had no effect in
A1AR2/2 mice (Fig. 3).

A1AR knockout mice did not show gross morphological
abnormalities and did not obviously differ from wild-type ani-
mals in appearance, fertility, behavior, and growth. The increase
in body weight and kidney weight within the first 6 months of life
was the same between A1AR1/1 and A1AR2/2 mice. Moreover,
there was no difference in the linear relationship between body
weight and kidney weight in A1AR1/1 and A1AR2/2 mice.
Sections of perfusion-fixed kidneys from A1AR1/1 and
A1AR2/2 mice did not reveal differences in histological appear-
ance at the light microscopical level.

Systolic blood pressure and heart rate measurements in con-
scious mice by using the tail cuff method showed an average
systolic pressure of 115 6 4 (n 5 6) and 107 6 2.8 mmHg (n 5
8) in wild-type and A1AR2/2 mice, respectively (P 5 0.15).
Heart rates averaged 623 6 9 and 602 6 17 in A1AR1/1 and
A1AR2/2 mice (P 5 0.31). In anesthetized mice, systolic arterial
pressure and heart rate averaged 113 6 3.2 mmHg and 526 6 35
(n 5 10) in wild-type, and 106 6 3.4 mmHg and 528 6 25 (n 5
12) in A1AR knockout mice (P 5 0.19 and 0.96, respectively).

There were no significant differences in plasma Na, K, Cl,
creatinine, urea, and glucose concentrations between A1AR1/1,
A1AR1/2, and A1AR2/2 mice (Table 1). Similarly, electrolyte
concentrations and urinary osmotic concentration in 24-h urine
collections made in metabolic cages were not different between
wild-type and A1AR mutant animals (Table 2).

Glomerular filtration rate (GFR) averaged 460 6 69 mlymin
and 463.5 6 44 mlymin in female wild-type and A1AR2/2 mice,
respectively (n 5 6 for 1y1 and n 5 9 for 2y2). As shown in
Fig. 4, there was no change in GFR over the 45-min observation
period. Average age, kidney weight, and body weight was 3.1 6
0.1 months, 273 6 8 mg, and 22.3 6 0.8 g for A1AR1/1, and 3.3 6
0.3 months, 264 6 12 mg, and 22.1 6 0.9 g for A1AR2/2 animals.
GFR expressed per gram of kidney weight averaged 1706 6 275
mlymin in wild-type and 1750 6 138 mlymin in A1AR2/2 mice.

Mean stop flow pressure (PSF) in male wild-type mice averaged
35.8 6 0.9 mmHg falling to 28.7 6 1 mmHg when loop flow was
increased to 30 nlymin (P , 0.0001). In A1AR1/2 mice, PSF
averaged 36.2 6 1.2 mmHg, and an increase in loop flow reduced
PSF to 33.2 6 1.4 mmHg (P 5 0.002). In A1AR knockout mice, PSF

Fig. 3. Effect of the A1AR agonist cyclohexyladenosine (CHA) in two differ-
ent doses (35 and 175 ng) on heart rate (Upper) and systolic blood pressure
(Lower) in A1AR1/1 (n 5 10) and A1AR2/2 mice (n 5 12).

Table 1. Plasma concentration of sodium, potassium, chloride, creatinine, urea, and glucose in
wild-type, heterozygous, and homozygous A1AR littermates

Plasma
Na,

mEqyliter
K,

mEqyliter
Cl,

mEqyliter
Creatinine,

mgydl
Urea,
mgydl

Glucose,
mgydl

A1R1/1 150.3 6 3.3 2.56 6 .26 123.6 6 2 0.13 6 .1 25.7 6 3.9 244 6 43
A1R1/2 151.3 6 2.7 2.53 6 .27 121.5 6 2.9 0.13 6 .1 21.3 6 1.6 199 6 21
A1R2/2 154.2 6 4.1 2.6 6 .29 122 6 2.4 0.2 6 .05 26.8 6 5.4 264 6 48

n 5 6 for all three genotypes.

Table 2. Urine concentration of sodium and potassium, urine
osmolarity, and urine flow in wild-type and A1AR2/2 mice

Urine
Na,

mEqyliter
K,

mEqyliter
Cl,

mEqyliter
Uosm,

mOsmyliter
UV,

mly24 h

A1AR1/1 221 6 40 349 6 42 242 6 39 2813 6 365 0.6 6 0.2
A1AR2/2 174 6 11 279 6 17 189 6 13 2414 6 121 1.2 6 0.3

Urine collected in metabolic cages; n 5 4 (A1AR1/1), n 5 8 (A1AR2/2). None
of the differences between A1AR1/1 and A1AR2/2 mice were significant
(range of P values from 0.09 for K to 0.27 for UV).
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averaged 36 6 0.8 mmHg at zero loop flow and 35.6 6 0.8 mmHg
at a loop flow of 30 nlymin (P 5 0.06). Examples of original
recordings of PSF in a wild-type and A1AR knockout mouse are
shown in Fig. 5. Thus, although there was no significant difference
in baseline PSF between genotypes, PSF at the elevated flow rate
increased with the reduction in A1AR copy number. Thus, the
usually observed flow-induced decrease in glomerular capillary
pressure did not occur in the A1AR-deficient mice (Fig. 6).

To verify that the absence of changes in glomerular capillary
pressure was paralleled by absent responses of nephron filtration
rate (SNGFR), we determined the response of early proximal
flow rate (EPFR) to a saturating increase in loop flow rate.
EPFR closely correlates with SNGFR because of the early
puncture site, and it has therefore been used as an index of
SNGFR in numerous rat studies (13). EPFR at loop flows of 0
and 30 nlymin averaged 8 6 0.7 nlymin and 4.6 6 0.6 nlymin,
respectively, in A1AR1/1 mice. In A1AR knockouts, EPFR was
6.98 6 0.5 nlymin at zero flow and 7 6 0.42 nlymin at a flow of

30 nlymin. Data from individual nephrons are shown in Fig. 7.
Flow-induced decrements of 3.4 6 0.4 nlymin (243%) in
A1AR1/1 mice and 20.02 6 0.3 nlymin (11%) in A1AR2/2

mice indicate that the normal NaCl-dependent reduction in
SNGFR is completely lacking in A1AR-deficient mice.

Discussion
We have generated a mutant mouse strain in which the expres-
sion of the A1AR gene was disrupted by homologous recombi-
nation. The present study reports our attempt to assess the effect
of A1AR deficiency on renal function. A1AR in the kidney are
expressed most predominantly on renal afferent arterioles, but
the receptor mRNA has also been identified at lower levels in a
number of renal tubular segments, including thick ascending
limbs and collecting ducts. Commensurate with the high expres-
sion of A1AR in the renal vasculature, our initial studies in
A1AR knockout animals were aimed at defining the effect of
A1AR deficiency on renal hemodynamics, specifically on TGF
regulation of afferent arteriolar tone.

Fig. 6. Mean stop flow pressure at loop of Henle flow rates of 0 and 30
nlymin in A1AR1/1, A1AR1/2, and A1AR2/2 mice. Vertical bars are SEM.

Fig. 4. Average GFR in three successive 15-min clearance periods in six female
A1AR1/1 and nine female A1AR2/2 mice. Dotted lines indicate mean GFR for
the 45-min observation period. Vertical lines show SEM.

Fig. 5. Recording of stop flow pressure (PSF, upper traces) and arterial
pressure (AP, lower traces) in an A1AR1/1 and an A1AR2/2 mouse. Black boxes
indicate periods of loop of Henle perfusion at 30 nlymin (the gray box
represents a flow of 10 nlymin).

Fig. 7. Early proximal flow rate during loop of Henle perfusion at 0 and 30
nlymin in A1AR1/1 and A1AR2/2 mice. Lines connect measurements in the
same tubule. Closed symbols are data from individual nephrons; open symbols
are mean values.
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TGF is a mechanism in which an increase in NaCl concen-
tration at the macula densa cells of the distal nephron causes
vasoconstriction of the afferent arterioles (13). There is evidence
to show that this response is blocked by inhibitors of NaCl
transport such as loop diuretics, suggesting that an increase in
NaCl transport initiates vasoconstriction (14). In view of the
anatomical discontinuity between macula densa and underlying
mesangial and smooth muscle cells, it has been assumed that
transport-dependent generation and release of a diffusible me-
diator is responsible for the vascular effect. The identity of the
paracrine agent produced by macula densa cells in a flow-
dependent fashion has remained unclear, with possible candi-
date agents including thromboxane, 20-HETE, prostaglandins,
nitric oxide, dopamine, and ATP (15). In addition, we noted in
previous studies that the luminal administration of methylxan-
thines such as theophylline or 3-isobutyl-1-methylxanthine com-
pletely blocked TGF-induced vasoconstriction (16). Based on
this and additional evidence, it has been suggested that meth-
ylxanthines, potent inhibitors of P1 purinoceptors, affect the
TGF mechanism by preventing a paracrine action of adenosine
(9). A role of adenosine in TGF response mediation is consistent
with its well established effect to cause vasoconstriction. Aden-
osine reduces renal blood flow predominantly of the outer cortex
and elicits a persistent decrease in glomerular filtration rate (17,
18). Furthermore, adenosine and A1AR agonists elicit persistent
vasoconstriction of renal afferent arterioles in the hamster cheek
pouch preparation, in the hydronephrotic kidney, in isolated
perfused afferent arterioles, and in the juxtamedullary nephron
preparation (19–22). Afferent arteriolar vasoconstriction is ac-
companied by a peak and sustained increase in cytosolic free
calcium concentration (23). Specific A1AR blockers have been
shown to inhibit TGF responses when delivered to the tubular
lumen or the peritubular blood (24). However, in other studies,
adenosine receptor blockers had none or only small inhibitory
actions when given by the i.v. route, raising doubts about the
importance of A1AR in TGF mediation (25, 26).

The current results from A1AR-deficient mice show unequivo-
cally that TGF responses to a saturating increase in macula densa
flow are completely abolished. Thus, functional A1AR are a
necessary requirement for TGF responsiveness. By implication,
adenosine as the natural ligand of A1AR appears to be a required
constituent and likely mediator of the TGF response. Mediation
of TGF responses by adenosine is also supported by a recent
study showing effective attenuation of TGF responses during
59-nucleotidase inhibition and constant administration of an
A1AR agonist (27). Our results do not address the question of the
origin of the adenosine involved in the TGF response. It is possible
that adenosine is released by macula densa cells into the juxtaglo-
merular apparatus interstitium and that it reaches A1AR on
smooth muscle or possibly mesangial cells by diffusion. Because of
the well established relation between TGF response magnitude and
NaCl transport, it is reasonable to suggest that adenosine produc-
tion is determined by metabolic rate-dependent hydrolysis of ATP.
The molecular identity of the cytosolic nucleotidases and of the
nucleoside transporters in macula densa cells remains to be deter-
mined. Alternatively, adenosine may be formed from extracellular
ATP by ecto-ATPases, ecto-ATP-diphosphohydrolases, and ecto-
59-nucleotidases. This possibility is supported by the recent studies
suggesting that ATP is released across the basolateral membrane of
macula densa cells and that this release is increased by increasing
luminal NaCl concentration (28). ATP directly constricts afferent
arterioles by activating P2 receptors presumably of the P2x subtype,
but the current studies show that this pathway cannot substitute for
A1AR deficiency in sustaining TGF responsiveness (29). We
believe that our results provide strong evidence for the concept that
adenosine via A1AR acts in a circumscribed region of the kidney,
the juxtaglomerular interstitium, as a paracrine mediator of a
kidney-specific and local vascular response.

It is of interest to note that chronic absence of TGF control of
afferent arteriolar tone in A1AR2/2 mice is not associated with
drastic alterations in body salt balance or renal function under
resting conditions. Specifically, glomerular filtration rate was not
found to be significantly different between wild-type and A1AR
knockout mice. Failure to observe an increase of GFR in animals
without TGF regulation indicates that TGF does not appear to
exert a major tonic GFR-suppressing effect in mice under resting
conditions. Earlier observations in which SNGFR was determined
by paired collections in distal and proximal segments, i.e., in the
presence and acute absence of TGF control, also did not reveal the
marked increase in SNGFR on removal of the macula densa signal
typically seen in rats (30–32). Thus, it seems that the operating point
of the TGF system in the mouse is located near the upper shoulder
of the TGF relationship so that its predominant effect is vasocon-
striction, not vasodilatation. Further studies are needed to verify
this notion. Overall, A1AR knockout mice will be useful to
determine the role of the TGF control system during physiological
and pathophysiological challenges.

Previous studies from our laboratory have shown that targeted
deletions of the angiotensin II type 1A receptor (AT1A) or
angiotensin converting enzyme genes are also associated with
inhibition of TGF responses (12, 33). Thus, the presence of both
AT1A receptors and A1AR seems to be necessary for full TGF
responsiveness. The nature of the interaction between angioten-
sin II and adenosine is still unclear, but considerable experi-
mental evidence supports its existence. The reduction in renal
blood flow caused by adenosine has been found to be more
pronounced in high renin than in low renin states, and inhibition
of converting enzyme attenuates adenosine-induced blood flow
reductions (34). Furthermore, vasoconstriction in response to
A1AR activation is reduced in AT1A knockout mice, and
pharmacological blockade of either AT1A or A1AR reduced the
vasoconstrictor response to the other ligand (11, 35). Conversely,
fixation of angiotensin II at a higher level augments TGF
responses (36, 37). Augmentation of TGF responses during a
fixed increase in angiotensin II level indicates that variations in
angiotensin II are not responsible for causing the variable
vascular TGF reaction. Rather, the ambient level of angiotensin
II appears to importantly modify the graded response to the
flow-dependent TGF mediator. In light of the present data, it
appears that angiotensin II modulates TGF by determining
the response magnitude to adenosine. In addition, a reduced
blood pressure as found in AT1A receptor or angiotensin
converting enzyme knockout mice in itself reduces TGF re-
sponses (38). Finally, it is possible that blunting of TGF re-
sponses in AT1A knockout mice results from a reduction in
angiotensin II-dependent production of superoxide (39). This
may be associated with higher levels of nitric oxide, a known
inhibitory modulator of TGF responses (40).

In conclusion, targeted deletion of A1AR in mice is not associ-
ated with gross developmental or morphological abnormalities.
Thus, A1AR knockout mice promise to be a useful model to study
the role of A1AR in behavioral, neurological, cardiovascular, and
renal phenotypes. Absence of TGF responses in the present study
strongly indicates that expression of functional A1AR is necessary
for macula densa control of renal vascular tone. Data are consistent
with the notion that adenosine is a critical and possibly the sole
direct mediator of the TGF response.
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